The spin-orbit splittings in the spectra of nuclei with mass numbers 5, 15 and 17 are studied within the framework of shell-model configuration mixing calculations including 2hω excitations. The contributions of the two-body spinorbit and tensor components of the nucleon-nucleon interaction are studied in various model spaces. It is found that the effects of the two-body spin-orbit interaction are dominant and quite sensitive to the size of the model-space considered. The effects of the tensor interaction are weaker. The correlations effects which are included in the larger (0+2)hω shell-model space reduce the spin-orbit splitting in the case of A = 5 by 20%, and enhance it for A = 15 by about the same 20%. However, it is found that the correlations have a very small effect on the d 3/2 − d 5/2 splitting in A = 17.
The contributions to the spin-orbit splitting in the single-particle energies for closed shell nuclei, which arise within the framework of a non-relativistic solution of the nuclear many-body problem based on two-nucleon interactions, have been investigated by Scheerbaum [4, 5] . His investigations utilized an effective interaction [6] which corresponds to a parameterization of the Brueckner G-matrix derived from realistic interactions like the Reid soft-core potential [7] . Scheerbaum demonstrated that a large part of the spin-orbit splitting can be attributed to the effective NN spin-orbit interaction contained in the Brueckner G -matrix. This contribution occurs already in the mean field or Brueckner-Hartree-Fock (BHF) approach.
In his work, Scheerbaum found that another important contribution to the spin-orbit splitting was related to the tensor component in the G-matrix. This tensor force does not contribute to the spin-orbit splitting of spin-saturated nuclei within the mean-field approximation. A strong tensor force, however, leads to a sizeable contribution of second order in this effective interaction. Since all particle-particle ladder diagrams are already included in the Brueckner G-matrix, Scheerbaum only considered terms of second order in G with intermediate hole-hole states. He observed that these terms of second order in G lead to a contribution to the spin-orbit splitting which is almost as large as the effect due to the spin-orbit component in the effective two-nucleon interaction [4] .
However, most of the so-called realistic NN interactions, which were considered around 1970, for instance the Reid soft-core potential [7] , contain a rather strong tensor component originating from the one-pion-exchange contribution. On the other hand, One-BosonExchange models for the NN interaction that have been developed more recently [8] take into account the fact that this tensor component, originating from the one-pion exchange, is compensated to some extent by the contribution of the ρ-meson exchange, which yields a tensor contribution with an opposite sign. Therefore modern NN interactions contain a weaker tensor component than did previous ones like the Reid potential. This is one motivation to reanalyze the contribution to the spin-orbit splitting of the various components of the NN interaction using a modern model of the NN interaction.
A second motivation for our studies in the present paper is to investigate in a consistent and non-perturbative way the effect on the spin-orbit splitting of long-range correlations induced by the tensor force and other components of the NN interaction. The short-range correlations leading to configurations with high-lying single-particle states are efficiently taken into account by means of the Brueckner G-matrix. However, the effects of longrange correlations, involving shell-model configurations with lower excitation energy, may require an explicit treatment. Therefore one often splits the Hilbert space of all shellmodel configurations into a model-space (which includes, using the terminology of harmonic oscillator states, all configurations up to nhω) and the rest of the Hilbert space. Correlations related to configurations outside the model space are treated by determining an effective hamiltonian, which can be diagonalized within the model space.
A first approximation for this effective hamiltonian is to consider the Brueckner G-matrix calculated from a solution of the Bethe-Goldstone equation with a Pauli operator adjusted to the model space. Such effective hamiltonians, based on the Bonn A and Bonn C [8] potentials have been considered by Zamick et al. [9] . They investigated the single-particle energies using the BHF approximation supplemented by an explicit treatment of 2 particle -1 hole and 3 particle -2 hole diagrams for configurations inside the model space. Inspecting the spin-orbit splitting, those authors found a strong cancellation between the 2-hole diagrams and the 2-particle diagrams. The effect of the hole-hole terms, which in agreement with the findings of Scheerbaum [4] enhanced the spin-orbit splitting, was essentially compensated for by the corresponding particle-particle terms.
The question is, does this cancellation hold beyond second-order perturbation theory?
To answer this question we are going to diagonalize the effective hamiltonian in model spaces including configurations beyond one major shell. Furthermore we want to study the relative importance of the various terms in the effective NN interaction, the central, tensor and spin-orbit parts of the NN interaction, as they contribute to the spin-orbit splitting. For that purpose we shall use a parameterization of the model-space G-matrix derived by Zheng and Zamick [10] , which has the form
where s.o. stands for the two-body spin-orbit interaction, t for the tensor interaction, and V c (r) is everything else, especially the (spin-dependent) central interaction. The interaction terms V c , V s.o. and V t have been adjusted so as to obtain a good fit to the G-matrix elements for the Bonn A potential with x = 1, y = 1. We can study the effects of the spin-orbit and tensor interactions by varying x and y. More details about the interaction are given in reference [10] .
The diagonalization of the effective hamiltonian in large model spaces is achieved by employing the OXBASH program [11] , taking care of spurious states by using the GloecknerLawson technique [12] .
In our present paper, we investigate the spin-orbit splitting within the non-relativistic many-body approach using realistic two-body NN interactions. It has been demonstrated by Pieper et al. [13] , that three-nucleon forces may enhance the spin-orbit splitting, bringing it close to the experimental value in the case of p 1/2 and p 3/2 hole states in A = 15. In fact they obtained a contribution of 2.84 MeV to this spin-orbit splitting from the Urbana VII model for the two-pion exchange three nucleon force [14] Another mechanism, which may be very important to the spin-orbit splitting, is the change of the Dirac spinors for the nucleons in the nuclear medium as predicted by the DiracBrueckner-Hartree-Fock approach [15, 16] . The strong and attractive scalar component in the relativistic self-energy for the nucleon leads to an enhancement of the small components for the Dirac spinor in the nuclear medium, which may be characterized in terms of a reduced Dirac mass for the nucleons. This leads to an enhancement by about 2 MeV of the spin-orbit splitting of the p 1/2 and p 3/2 hole states in A = 15 [9] .
II. RESULTS
A. (a) The A = 5 System
We present in Table I the results of our shell-model calculations for the spin-orbit splitting
, considering three different model spaces: using a harmonic oscillator notation these model spaces are characterized by the excitation energies of the shell-model configurations that are included and denoted as 0hω, (0+2)hω and (0+2+4)hω, respectively. Thus, 0hω corresponds to the case where we have a closed 0s
shell and the one valence particle is in 0p 3/2 or 0p 1/2 . For (0+2)hω we have the above valence configuration plus all 2hω excitations, etc. In our case, due to computational limitations, the (0+2+4)hω space includes only the 0s, 0p, 0s − 1d and 0f − 1p shells, and is thus not quite complete. This is alos true for the (0+2)hω space in 17 O.
For the parameterization of the realistic G-matrix (x = 1, y = 1 in Eq. 1) we find that the values for the spin-orbit splitting ∆E decrease with increasing sizes of the model-spaces.
The values listed in Table I are We also note that, in the 0hω space, the ESO is zero when x = 0. The tensor interaction does not contribute to the ESO for a spin saturated system (i.e. for a closed LS shell plus or minus one particle) if the mean-field approximation is considered (which corresponds to the calculation in the 0hω space). As we vary y (keeping x = 0), we see an approximate quadratic rise in the effective spin-orbit splitting in each of the larger model spaces. In fact, the rise is a bit faster than quadratic in y. This shows that the tensor force contributes to the ESO only in second order and higher order of a perturbation expansion, with the dominant terms being of the form V t × V t in the notation of Eq. (1). The contribution of the tensor force to the ESO has the correct sign. However, that contribution is rather small for all reasonable values of y (i.e. for y ≤ 1), and increases only by 5-9% for any one of our values of y in Table I when we include configurations of 4hω.
In Table I we also study in the A = 5 system the effects of varying the two-body spin-orbit strength x in the absence of the tensor interaction (i.e. for y = 0). In the 0hω space, the ESO varies linearly with x. We see the linear relation between the ESO and the two-body spin-orbit interaction in the mean-field approach. Interestingly, also in the larger spaces the ESO varies almost linearly with x. This indicates that a perturbative inclusion of these correlations in the larger model space would be dominated by terms of the form V c × V s.o.
using the nomenclature of Eq. (1).
Perhaps the most important result of Table I is that for A = 5, there is a systematic decrease in the spin-orbit splitting as one goes to larger model spaces. For example, in the 0, (0+2) and (0+2+4)hω spaces the values of the ESO for x = 1 (y = 0) are 3.375, 2.716 and 2.431 MeV , respectively. In each of the three cases that we studied in Table I : While there has been some discussion of the enhancement of the spin-orbit interaction for A = 5 due to second-order tensor effects [2] , we are not aware of any discussion of the spin-orbit interaction in higher order.
We see the combined effects of the spin-orbit and tensor interactions by comparing the x = 1, y = 1 case in Table I with the x = 1, y = 0 case. The small effects of the tensor force can essentially be added to the results obtained with the central plus spin-orbit interaction. This is true both in the (0+2)hω and in the (0+2+4)hω spaces. In each case, the contribution of the tensor interaction is less than 10% of that of the spin-orbit interaction.
The observed values for the 1/2 − − 3/2 − level separation in the A = 5 system have large experimental uncertainties, being 7.5 ± 2.5 MeV for 5 Li and 4.0 ± 1.0 MeV for 5 He [17] .
The calculated results in Table I agree with the observed data better for x = 1.5 than for x = 1.0. Such an enhancement of the strength of the two-body spin-orbit interaction in actual nuclei was also suggested for nuclei in the beginning of the 1s − 0d shell by the work of Fayache et al. [18] .
B. The A = 15 System
Next we consider the E(3/2
) splitting in mass 15. In lowest order (0hω) these states are described as hole states relative to the closed shell nucleus 16 O. In that picture, the ground state of the A = 15 system is a p 1/2 hole, and the first excited state is a p 3/2 hole. The results for the calculations in the 0hω and (0+2)hω spaces are presented in Table II .
In the A = 15 system, and for y = 0 (no tensor interaction), the ESO is linear in x in the 0hω space and very nearly linear in x in the (0+2)hω space. For the x = 0, y = 0 cases, for each x value (x = 0.5, 1.0 or 1.5), the ESO for A = 15 increases by about 20%
as we go from 0hω to (0+2)hω. We recall that under these circumstances, the ESO for the A = 5 system decreased by about 20%. We again understand in the A = 15 system that the percentages of change for the three x values (x = 0, y = 0) are the same because of the linearity of the ESO's with x (for y = 0) in both of the spaces considered. However, it is interesting to note that (but harder to explain why) there is an increase in A = 15 but a decrease in A = 5, and also why the percent change in both systems is the same (about 20%). The linearity with x (for y = 0) indicates again that the corrections to the ESO's in second order are dominated by terms of the form V c × V s.o. .
For the A = 15 system, when we vary the tensor interaction with the spin-orbit interaction turned off (x = 0), we get again a nearly quadratic dependence of the ESO on y. Once more, the magnitude of the ESO rises slightly faster than quadratically with y. This shows that, for the A = 15 system as well, the tensor force contributes to the ESO only in second and higher orders of a perturbation expansion with the dominant terms being of the form
The contribution of the tensor term by itself to the ESO (i.e. when x = 0) is very small (an order of magnitude smaller than its already small contribution in the A = 5 case), and has the wrong sign.
For the A = 15 system, and in the 0hω space where the tensor interaction cannot contribute, the ESO is 5.063 MeV for both the x = 1, y = 0 and the x = 1, y = 1 cases. In the (0+2)hω space the ESO is 6.008 MeV for x = 1, y = 0 and 5.698 MeV for x = 1, y = 1. We thus see from Table II that When for A = 15 we consider the realistic interaction x = y = 1, we see again that in both spaces the ESO is very largely due to the spin-orbit interaction, while the effect of the tensor interaction is small and of the wrong sign. In contrast to the A = 5 case, the ESO in the A = 15 system for x = 1, y = 1 is larger in the (0+2)hω space than in the 0hω space, with most of the enhancement again due to the spin-orbit interaction.
For A = 15, the observed E(3/2 excitations and taking x = 1 lead to results in closer agreement with the observed level separations.
C. The A=17 System
The results of calculations of the ESO for A = 17, considering the spin-orbit partners are 0d 5/2 and 0d 3/2 , are given in Table III . For the realistic x = 1, y = 1 interaction, there is hardly any change (a mere increase of 0.1 MeV ) in the ESO in going from 0hω to (0+2)hω.
Again, for y = 0 the ESO's are proportional to x in the 0hω space and very nearly so in the (0+2)hω space. For all the y = 0 cases, the effect on the ESO's of going from 0hω to (0+2)
hω is an increase, but by less than 3%. The small enhancement of the ESO for x = 1, y = 1 as we go to the larger space is again largely due to the two-body spin-orbit interaction. The effect of the tensor force is again very weak; for x = 0 and a variable y, the ESO is again zero in the 0hω space and has a magnitude of 0.02 MeV or less for y ≤ 2 in the (0+2)hω space. For x = 0 in the (0+2)hω space, the behavior of the ESO as a function of y is rather complicated and even changes sign. It starts from y = 0 by being very slightly negative and reaches a minimum of about -0.01 MeV for y ≈ 1. The ESO then increases as y increases further, becoming positive for y ≥ 1.63. Indeed, for x = 0 and y ≥ 1.63, ∆ESO shows a rapid but less than quadratic increase with ∆y. These last observations can be taken as a possible indication that there is a cancellation between two effects. This would support the results of the calculations of [9] in which Zheng et al. observed that in perturbation theory there is a similar cancellation between the contributions from 2 particle-1 hole states and those from 3 particle-2 hole states.
It is interesting to study the variation with x and y of two other quantities in the A = 17 system. One is E(1s 1/2 ), the energy of the 1s 1/2 level, and the other is E com , the energy of the center of mass of the 0d 5/2 − 0d 3/2 spin-orbit doublet, where
In the 0hω space, both the E(1s 1/2 ) and the E com are strictly independent of both x and y. In that small space (with one particle being outside a closed-shell core and no particle-hole excitations), the two-body tensor force has no effect on the E(1s 1/2 ), E(0d 5/2 ), or E(0d 3/2 ), and hence no effect on the E com . This explains why in Table III , both the ESO and E(1s 1/2 ) − E(0d 5/2 ) are independent of y in the 0hω space.
Furthermore, in the 0hω space the two-body spin-orbit interaction acts like a one-body spin-orbit force, and thus it has no effect either on the E com or on the energy of the 1s 1/2 level which has l = 0. Hence, in the 0hω space, both the E com and the E(1s 1/2 ) are unaffected also by changes in x. As x increases from x = 0, E(0d 5/2 ) decreases by an amount δ,
proportional to x, while E(0d 3/2 ) increases by 1.5δ, so that indeed E com is left unchanged.
In the 0hω space we calculate that for all x, y values,
This energy difference is due to the attractive central force component V c (r) in the effective (2) and (3) and the definition of the ESO, we obtain in the 0hω space the following relationship:
All the 0hω data in Table III is fitted perfectly by this relationship. In the (0+2)hω space, and for x = 0 y = 0, we have E(0d 5/2 ) = E(0d 3/2 ) ≡ E com , and due to the central force term in Eq. (1) we calculate that
In the (0+2)hω space, and keeping y = 0, we note that as x increases a relationship similar to Eq. (4) but with -2.343 replaced by -3.853 holds to within 3% or better (see Table III ). In this large space, however, and keeping x = 0, we note that an increase in y also renormalizes the central force term. All three energies E(0d 5/2 ), E(0d 3/2 ) and E(1s 1/2 ) decrease in the large space with increasing y. The E(0d 5/2 ) and the E(0d 3/2 ) (and hence the E com ) all decrease at the same rate. Hence, in Table III , and for (0+2)hω, the ESO's are very small for x = 0 and any y. But the above rate of decrease is about 15% larger than the corresponding rate of decrease for the E(1s 1/2 ). Hence, for x = 0, as y increases in Table   III , the separation E(1s 1/2 ) − E(0d 5/2 ), which is calculated to be negative for y = 0 in the (0+2)hω space, becomes less negative with increasing y.
III. ADDITIONAL REMARKS AND SUMMARY
To summarize our paper, we have shown that the contribution to the effective spin-orbit splitting of the two-body tensor term in the effective interaction is generally much smaller than the contribution from the two-body spin-orbit term. This result is a consequence of the weaker tensor component in modern NN interactions. An earlier investigation [4, 5] used older models of realistic interactions with stronger tensor components and obtained a much larger contribution from the tensor term to the effective spin-orbit splitting.
We see in our non-perturbative calculations that the effects of higher-shell admixtures on the ESO's cannot be ignored, being generally in about the 10-20% range for A = 5 and A = 15, but less than 3% for A = 17.
Additional insights into some of our results are provided by the perturbative work of reference [9] . A comparison with their results suggests similarities between the behavior of the second-order two-body spin-orbit interaction term and some Hartree-Fock type diagrams. For both the A = 5 and A = 15 systems, there do not seem to be nearly complete cancellations of the effects of particle-particle admixtures and hole-hole admixtures, which respectively tend to reduce and enhance the ESO [9] (see also [4] ). In the 0p-shell nuclei, the reduction effects are more important for A = 5 (one particle beyond a closed shell), while the enhancement effects prevail for A = 15 (one hole away from a closed shell). However, for A = 17 the cancellation is nearly complete, and going from 0hω to (0+2)hω increases the ESO by less than 3%.
We found that even in the larger (0+2)hω space there is an almost linear relationship between the ESO and the strength of the two-body spin-orbit component of the effective interaction. On the other hand, in this larger space, the ESO's dependence on the strength of the two-body tensor component of the effective intreaction is close to being quadratic.
Recalling the situation for A = 15 and A = 17, we find that the effect of 2hω configurations yields a larger enhancement for A = 15 than for A = 17. The spin-orbit splittings for the particle states tend to be reduced as compared to those for hole states, as noted in ref. [9] . This is supported from experiment. The splitting E(3/2 (a) In all cases, at the 0hω level, E com − E(1s 1/2 ) = 2.343 MeV . For the (0+2)hω case, there is at most a 3% deviation from the x = 0, y = 0 value of 3.853 MeV .
